Introduction
Chronic HIV-1 infection is characterized by strong persistent immune activation, and the level of immune activation has been identified as a significant predictor of HIV-1-disease progression [1, 2] . One widely accepted model of HIV-1 immunopathogenesis postulates that heightened immune activation results in accelerated activation and proliferation of memory-effector CD4 þ Tcells, leading to their deletion [3] . Recent studies investigating the mechanisms underlying HIV-1-associated immune activation have suggested that Toll-like receptors (TLRs) play a central role in mediating immune activation in HIV-1 infection [4] [5] [6] .
TLRs recognize components of pathogens and initiate the pathogen-specific immune response [7, 8] . TLR ligands have been shown to modulate monocyte function [9] initiating signaling cascades leading to nuclear factor-kB (NF-kB) activation and subsequent gene expression, which vary depending on which TLR has been activated [10] . TLR2 and TLR4 are involved in the recognition of microbial products [11, 12] , whereas TLR7 and TLR8 sense single-stranded RNA (ssRNA) [7, [13] [14] [15] . It has been demonstrated that chronic HIV-1 infection is associated with elevated circulating levels of the TLR4 ligand lipopolysaccharide (LPS), an important component of Gram-negative bacteria that enter the circulation through microbial translocation in the immunocompromised gut of HIV-1-infected individuals [16] . Furthermore, the ssRNA sequence of HIV-1 itself contains sequences that can serve as TLR7 and TLR8 ligands and directly stimulate pro-inflammatory cytokine production by dendritic cells and monocytes [13, 14, 17, 18] . Chronic stimulation of TLRs by products of microbial translocation and HIV-1-derived TLR ligands might, therefore, represent an important mechanism of immune activation in HIV-1 infection.
The consequences of stimulation through different TLR pathways for monocyte function are, however, not well understood. Recently, published studies on the murine model and human studies suggest that the activation of one TLR pathway in a cell has a significant impact on the ability of that cell to respond to stimulation of a different TLR pathway [19] [20] [21] , resulting in either enhancement or reduction in the response to a second TLR ligand [22] . The current study examined the impact of preexposure of monocytes to HIV-1 virions, the genomic RNA of which contains TLR ligands, on their ability to respond to subsequent stimulation with microbial TLR2/4 ligands, and demonstrates significant enhancement of the monocytes response to LPS following prestimulation with HIV-1.
Materials and methods

Study participants
Samples from HIV-1-negative individuals enrolled at Massachusetts General Hospital were included in the studies. The study was approved by the Massachusetts General Hospital Institutional Review Board and the University of KwaZulu-Natal Biomedical Research Ethics Committee and each participant gave informed consent for participation.
THP-1 cell culture THP-1-Blue-CD14 (THP-1) cells are TLR-expressing human monocytic NF-kB-reporter cells expressing CD14 and various TLRs. Upon TLR stimulation, THP-1 cells activate transcription factors resulting in the secretion of embryonic alkaline phosphatase (SEAP), which is detected using Quanti-Blue reagent, as described by the manufacturer's protocols (Invivogen, San Diego, California, USA). THP-1-Blue-CD14 cells were maintained in medium consisting of RPMI 1640 (Roswell Park Memorial Institute), 10% fetal calf serum (FCS), 2 mmol/l L-glutamine, supplemented with 200 mg/ml of zeocin and 10 mg/ml of blasticidin. THP-1 cells (3 Â 10 5 cells/well) were stimulated in 96well flat-bottomed plates with either medium alone or TLR ligands at the following concentrations: 2 ml/ml of heat-killed Listeria monocytogenes (HKLM, TLR2 ligand), 0.1 mg/ml of LPS (LPS-EK, TLR4 ligand), or 0.5 mg/ml CL075 (thiazoloquinolone derivative, TLR8 ligand) all from Invivogen [23] at 378C and 5% CO 2 for 18 h. The concentrations for TLR ligands and incubation periods were optimized in previous experiments (data not shown). TLR stimulation resulted in the activation of the NF-kB pathway and the NF-kB-dependent expression and secretion of the secreted alkaline phosphatase (SEAP) that was subsequently quantified using a Quanti-Blue mix assay and read at 630 nm according to the manufacturer's protocol (Invivogen).
In addition to stimulation with single TLR agonists, the effects of prestimulation or 'priming' of THP-1 cells with one TLR ligand (TLR8, or TLR2, or TLR4) on the response to stimulation with a second TLR ligand were assessed. THP-I cells were prestimulated with 0.5 mg/ml of CL075 or media alone in four separate wells. Supernatants from the THP-I-cell culture were removed after 3 h of incubation, the adhered cells washed twice with fresh RPMI, replenished with fresh media, and cultured with TLR2-HKLM, TLR4-LPS-EK, TLR8-CL075 (at similar concentrations indicated above), or media alone for a further 18 h, before NF-kB activation was quantified using the Quanti-Blue assay. In a subset of experiments, the TLR8 antagonist Pepinyl-MYD (Invivogen) was added to THP-1 cells (3 Â 10 5 cells/well) for 6 h prior to stimulation with CL075 to demonstrate that the prestimulation with CL075 was indeed mediated through TLR8.
In-vitro stimulation of peripheral blood mononuclear cells with Toll-like receptor ligands
Fresh peripheral blood mononuclear cells (PBMCs) from healthy individuals were separated from whole blood by Ficoll-Hypaque (Sigma, St Louis, Missouri, USA). 1.5 Â 10 6 PBMCs/ml in RPMI were cultured with at 2 ml/ml of TLR2-HKLM, 0.1 mg/ml of TLR4-LPS-EK, or 0.5 mg/ml of TLR8-CL075. The effect of prestimulation of PBMCs was assessed using the TLR8 CL075 agonist and also using aldrithiol-2-inactivated HIV-1 virus or microvesicle controls (MN strain, lot P4097; AIDS and Cancer Virus Program, National Cancer Institute). Fresh PBMCs were prestimulated with 0.5 mg/ ml of CL075, 0.7 mg/ml of p24 (CA) aldrithiol-2 inactivated virus (AT-2 virus), or vesicle control, or media alone. The cultured PBMCs were then washed twice with RPMI after 3 h of prestimulation, and supernatants from the PBMC culture were removed and replenished with fresh media. The prestimulated PBMCs were then cultured with TLR2-HKLM, TLR4-LPS-EK, TLR8-CL075, AT-2 virus, vesicle control, or media alone (at the concentrations indicated above) for an additional 18 h. PBMCs that were preincubated with media, but no TLR agonists, acted as controls. Supernatants were collected for tumor necrosis factora (TNF-a) ELISA quantification according to the manufacturer's instructions (SA biosciences, Frederick, MD, USA). For the detection of intracellular cytokines using flow cytometric analysis, 5 mg/ml brefeldin A (Sigma) was added to each tube after adding the TLR ligands. Stimulation for all assays was conducted at 378C and 5% CO 2 .
Flow cytometry
The intracellular cytokine content of monocytes was determined following 18 h of stimulation. Briefly, cells were stained for surface [CD3-Alexa700, CD19-Alexa700, CD56-Alexa700, CD14-allophycocyanin (APC)-Cy7] and intracellular marker TNF-PE-Cy7 (Becton Dickson, Franklin Lakes, New Jersey, USA). Monocytes were defined as CD3neg CD19neg CD56neg CD14 þ cells, and gates were set accordingly. Cells were fixed, permeabilized (Fix perm A&B; Caltag, Burlingame, California, USA), and stained intracellularly with anti-TNF-a-PE-Cy7. All samples were acquired on an LSRII (BD). The frequencies of cytokine-positive monocytes were determined by subsequent analysis using FlowJo software.
Statistical analyses
Statistical analyses and graphical presentation were done using Graphpad Prism 5 (Graphpad). Results are given as means with SDs or medians with ranges. Paired twotailed Student's t-tests were used to test the statistical significance. Differences after comparisons were considered statistically significant if P value was less than 0.05.
Results
Preexposure of THP-1-CD14 cells to Toll-like receptor 8 ligands modulates their responses to Toll-like receptor 2 and Toll-like receptor 4 ligands We initially stimulated THP-1-cells with either medium alone or different TLR ligands (TLR2-HKLM, TLR4-LPS-EK, or TLR8-CL075) to determine their ability to respond to these ligands. Upon stimulation with these TLR2/4 and 8 ligands, THP-1-cells secreted considerable amount of SEAP, which was significantly detectable above background (TLR2; P 0.0001, TLR4; P ¼ 0.001, TLR8; P 0.0001) using Quanti-Blue assay (Fig. 1a ). As previous studies have suggested that the sequence of exposure to TLR agonists may impact on the ability of cells to respond to subsequent stimulation [19] , we subsequently studied the effects of preexposure of THP-1-cells to a TLR8 agonist (agonist 1) on responses to TLR2 and TLR4 agonists (agonist 2; Fig. 1b ). The prestimulation effects on the THP-1-cells were also assessed with a TLR2 or TLR4 ligand as the prestimulant agonist (agonist 1; Fig. 1c and d) . No significant differences were noted in the response to TLR4 or TLR8 ligands when cells were prestimulated with the TLR2 agonist ( Fig. 1c ). TLR4 prestimulation significantly increased the response to the TLR8 ligand CL075 (P ¼ 0.03), resulting in a two-fold increase compared to preincubation with media alone (Fig. 1d ). However, the preexposure to TLR8 ligands modulated the ability of monocytes to respond to subsequent stimulation most dramatically, significantly increasing their responses to subsequent stimulation with TLR2 (three-fold, P ¼ 0.02) and TLR4 (five-fold, P ¼ 0.0002) ligands (Fig. 1b) . In contrast, TLR8 ligands elicited no notable priming effects to stimulation with the same TLR8 agonist (P ¼ 0.19). This priming effect was significantly higher than the sum of TLR4 and TLR8 stimulation, suggesting that the effect was not simply additive, but that TLR8 prestimulation amplified the response to TLR4 ligands. Using the TLR8 antagonist Pepinyl-MYD (Invivogen), we furthermore demonstrate that addition of this antagonist to THP-1 cells before exposing them to the TLR8 agonist significantly (P ¼ 0.0001) reduced the subsequent response to LPS [average optical density of 0.52 AE 0.4 (SD)], compared to THP-1 cells that were prestimulated with the TLR8 agonist in the absence of the antagonist prior to stimulation with LPS [average optical density of 1.8 AE 0.2 (SD)]. In contrast, the antagonist did not decrease the response of THP-1 cells to LPS in the absence of prestimulation with the TLR8 agonist (data not shown). Taken together, these data using a monocytederived cell line demonstrate that preexposure to TLR8 ligands can significantly enhance the subsequent response of monocytes to TLR2 and TLR4 ligands.
Preexposure to Toll-like receptor 8 ligands increases the cytokine response of primary monocytes to Toll-like receptor 2 and Toll-like receptor 4 ligands We next extended these initial studies to assess the effects of preexposure to TLR8 agonist on the subsequent response to TLR2 and TLR4 ligands by primary monocytes. Multiparameter flow cytometric analysis was employed to characterize the cytokine production by primary monocytes using intracellular cytokine staining. Representative flow cytometry plots showed robust TNF-a production by monocytes after stimulation with TLR2, TLR4, and TLR8 ligands alone compared to stimulation with medium alone (Fig. 2a ). The effect of prestimulation of PBMCs with the TLR8 agonist CL075 was subsequently assessed. TLR8 'primed' PBMCs were washed and then cultured with TLR2-HKLM, TLR4-LPS-EK, TLR8-CL075, or media alone. PBMCs precultured with medium alone were used as controls. The percentage TNF-a þ monocytes in response to the respective TLR agonists following prestimulation with medium alone or the TLR8 agonist CL075 revealed that preexposure to TLR8 agonists significantly (P ¼ 0.02) increased monocyte responses to TLR4, but not TLR2 ligand ( Fig. 2a and b ). Once again, this priming effect was significantly higher than the sum of TLR4 and TLR8 stimulation alone, demonstrating that TLR8 prestimulation was amplifying responses to TLR4 ligands. In contrast, the percentage TNF-a þ monocytes following prestimulation with TLR8 agonist CL075 followed by restimulation with the TLR8 agonist revealed a decreased monocyte response. In conclusion, robust TNF-a production by monocytes is observed after stimulation with TLR2, TLR4, and TLR8 ligands, and responses to TLR4, but not TLR2 ligands, are significantly increased by preexposure to TLR8 agonists.
Preexposure to AT-2 virus increases the cytokine response of primary monocytes to the Toll-like receptor 4 ligand lipopolysaccharide
To further assess the impact of preexposure to HIV-1derived TLR ligands on the subsequent response of the primary human monocytes to microbial LPS, we stimulated monocytes with AT-2-inactivated HIV-1, as described previously [18] , and observed robust TNF-a production compared to vesicle and medium control ( Fig. 2c and d) . Similar to TLR8 ligands, prestimulation with the AT-2 virus significantly enhanced the subsequent response of monocytes to LPS compared to cells that had preexposure to medium alone (P ¼ 0.02) or vesicle control (P ¼ 0.03) prior to stimulation with LPS. Furthermore, the response of monocytes to LPS following prestimulation with AT-2 virus was also significantly (two-fold) higher than the sum of the responses to LPS and AT-2 virus alone (P ¼ 0.035; Fig. 2d ). In line with these data, prestimulation with the TLR8 ligands significantly (P ¼ 0.03) increased the subsequent amount of secreted TNF-a produced in response to LPS stimulation quantified by ELISAs in the culture supernatants [average of 15 pg TNF-a/ml AE1.1 (SD) in the absence of prestimulation versus 58 pg TNFa/ml AE2.8 (SD) following prestimulation with the TLR8 ligand CL075, P < 0.03, data not shown]. In conclusion, these data demonstrate that preexposure to HIV-1 significantly enhances the response of monocytes to microbial TLR4 ligands such as LPS.
Discussion
Stimulations of the TLR7/8 pathway by HIV-1-ssRNAderived ligands and the TLR4 pathways by products for microbial translocation have been both implicated in mediating the activation of the immune system during chronic HIV-1 infection, and in resulting immunopathogenesis [16, 18] . However, little is known about how these two pathways might influence each other. Here we demonstrate that exposure to HIV-1 or HIV-1-derived TLR8 ligands significantly increases the production of pro-inflammatory cytokines by monocytes in response to subsequent stimulation with the TLR4 ligand LPS. These data suggest that the combination of HIV-1 replication and microbial translocation in chronically HIV-1infected individuals might not only additively increase the activation of the immune system, but might actually amplify these effects.
The observation that stimulation through TLR8 amplifies the pro-inflammatory cytokine response of monocytes in response to products of microbial translocation, such as LPS, has important implications for HIV-1 pathogenesis, as the levels of immune activation during chronic HIV-1-infection have been strongly associated with the loss of CD4 þ T cells and consecutive disease progression [24] . The increased sensitivity of monocytes to LPS in the setting of TLR8 stimulation also helps to explain the observation that HIV-1-associated immune activation decreases rapidly and significantly following the initiation of antiretroviral therapy and resulting reduction of viral load [25] [26] [27] , even before reconstitution of the immune system and eventual reduction of microbial translocation [28] , as the decrease in the levels of HIV-1encoded TLR8 ligands might render monocytes less responsive to circulating levels of LPS. Taken together, these data support a model in which TLR crosstalk plays an important role in the modulation of immune function in HIV-1 infection, and in the ability of the infected host to respond to stimulation by a variety of TLR ligands it is exposed to, either through intestinal microbial translocation, other opportunistic pathogens, or HIV-1 itself.
